Rotational angular momentum alignment effects in the rotational inelastic scattering of NO(X) with Ar have been investigated by means of close-coupled quantum mechanical, quasi-classical trajectory, and Monte Carlo hard shell scattering calculations. It has been shown that the hard shell nature of the interaction potential at a collision energy of E coll = 66 meV is primarily responsible for the rotational alignment of the NO(X) molecule after collision. By contrast, the alternating trend in the quantum mechanical parity resolved alignment parameters with change in rotational state j reflects differences in the differential cross sections for NO(X) parity conserving and changing collisions, rather than an underlying difference in the collision induced rotational alignment. This suggests that the rotational alignment and the differential cross sections are sensitive to rather different aspects of the scattering dynamics. The applicability of the kinematic apse model has also been tested and found to be in excellent agreement with exact quantum mechanical scattering theory provided the collision energy is in reasonable excess of the well depth of the NO(X)-Ar potential energy surface.
I. INTRODUCTION
Investigating vector correlations in atomic and molecular collisions reveals valuable information on the underlying dynamics, particularly on the forces governing such interactions. 1, 2 The pair correlation between the initial and final relative velocity, k and k , and the triple correlation between the initial and final relative velocity and the final rotational angular momentum, j , are of particular interest. 3, 4 The former is characterized by the conventional differential cross section (DCS), or the angular distribution of the scattered products, while the latter manifests itself as scattering angle dependent rotational angular momentum polarization.
Collisions of ground state NO(X) with the noble gases have served as a prototype for the study of the interactions between open shell diatomic molecules and closed shell atoms. 5, 6 The electronic ground state of NO(X) has an electron configuration 1σ 2 the quantum numbers | , j, , where j is the rotational quantum number, and is the absolute value of the electronic angular momentum along the internuclear axis. The ground state of NO(X) is therefore split into two spin-orbit manifolds, = 1/2 and = 3/2, with a splitting constant of 123 cm −1 . For higher rotational states an intermediate case (a)/case (b) coupling scheme has to be employed. Because of the interaction between the electronic orbital and rotational angular momenta, the degeneracy of each rotational level is lifted, yielding two -doublet components which differ in their parity. The latter is determined by considering the space-fixed inversion operator E*, E*ψ = ±ψ. If an NO(X) molecule in a specific quantum state is symmetric with respect to inversion, the state has a positive parity, p = +1, while if it is antisymmetric it has a negative parity, p = −1. This parity is related to the symmetry or spectroscopic parity index, , by = p( − 1) j − 1/2 , or equivalently p = ( − 1) j − 1/2 . -doublet components with = +1 are designated by the label e, the = −1 levels by the label f. The f levels are slightly higher in energy than the e. In addition to the labels e and f, the NO(X) -doublet levels are often labeled as A or A , depending on whether the electronic wave function is symmetric or antisymmetric with respect to reflection in the plane of rotation of the NO(X) molecule. In the high j limit, the unpaired electron lies in the plane of rotation in the A states, and lies perpendicular to that plane in the A states. 7 On approach of an Ar atom to the NO(X) molecule in nonlinear configurations, the 2 state splits into 2 A and 2 A electronic states. Alexander 5, 6 has shown that in the Hund's case (a) limit, spin-orbit conserving transitions are coupled by a V sum potential, defined as (2) In these equations, V A and V A are the two lowest lying states of the coupled-cluster single double triple (CCSD(T)) potential energy surfaces (PESs) for the Ar-NO(X) system. R is the distance between the argon atom and the centre-of-mass of the diatom, and γ is the angle between R and the NO bond axis, r, which points from O to N. V lλ (R) are radial-dependent expansion coefficients, and d l q0 (γ ) is a Wigner reduced rotation d-matrix element.
The NO(X) + Ar system has been of much theoretical and experimental interest. Accurate potential energy surfaces have been constructed 8, 9 on which extensive scattering calculations have been performed. The primary focus of many of these studies has been on the integral 8 and differential [10] [11] [12] [13] cross sections, particularly more recently on explaining parity dependent structure in the integral 8 and differential [11] [12] [13] cross sections. The integral cross sections show periodic alternations in magnitude as a function of j and of the NO(X) parity changing/conserving nature of the transition. In addition, the form of the DCSs, in particular the number of maxima and minima as a function of scattering angle, depends on the change in the total parity of the NO(X) molecule on collision.
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-doublet resolved DCSs have been measured recently using velocity map ion-imaging, and have been shown to be in excellent agreement with quantum mechanical (QM) scattering theory. [11] [12] [13] Relatively fewer investigations have been directed towards polarization effects in this collision system. The collision-induced alignment of NO(X), averaged over the unselected initial -doublet level, was first measured experimentally by Cline et al. 14 and Wade et al. 15 For the low j states they found reasonable agreement between the experiment and the close-coupled quantum mechanical (CC QM) scattering theory results obtained using the CCSD(T) PESs of Alexander. 8 They also showed that the CC QM alignment data were in excellent agreement with the predictions of a simple rigid ellipse model, though both calculations showed somewhat more alignment than observed experimentally. 14, 15 Early theoretical work by Alexander established propensity rules for the QM cross sections involving magnetic level, m j , resolved transitions for NO(X) + Ar. 16 Rotational polarization effects have also been investigated using quasiclassical trajectory (QCT) methods by Aoiz et al. 17 These calculations were performed on the V sum PES, and their results reproduced well the quantum mechanical ones, once the latter were averaged over the initial, and summed over the final -doublet states. The authors also looked at the role of chattering collisions in rotationally inelastic scattering in this system. 17 They provided a definition of chattering encounters, and showed that, while chattering collisions do play some role in NO(X) + Ar in cooling the final rotational excitation compared with non-chattering collisions, they tend to result in lower angular momentum polarization than nonchattering collisions. 17 In a recent theoretical study of NO(X) scattering by the rare gases, Lemeshko et al. 18 have described the alignment effects in the forward scattered region in terms of a Fraunhofer diffraction model. This model accurately describes the oscillatory rotational alignment in the extreme forward scattered region, where diffraction effects dominate, but says little about the rotational polarization in the sideways and backward directions. Finally, most recently, Jambrina et al. 19 have studied the collision induced angular momentum orientation of the NO(X) after scattering by Ar using canonical collision mechanisms theory.
As will be seen from the present work, the linear momentum transfer vector is of considerable importance in nonreactive impulsive collisions. 20, 21 It is helpful to introduce the kinematic apse,â, defined as the unit vector pointing in the direction of the linear momentum transfer,
where p and p are the initial and final linear momenta. For elastic and inelastic scattering, the kinematic apse can also be written in terms of the relative velocities,â = (k − k)/(|k − k|). In the case of sudden collisions between impenetrable objects, the projection of j onto the kinematic apse remains unchanged; this behavior is the basis of the kinematic apse model (AM). 20, 21 It can be rigorously proven classically for rigid objects. 20, 21 It is worth mentioning in passing that an alternative model, the geometric apse model, is derived from the kinematic apse model, but assumes elastic collisions. 22 The applicability of the kinematic apse model has not been tested quantum mechanically, although it has been used to correct experimental ion-images for collision-induced rotational alignment effects. 11, 12, 23 Furthermore, as noted above, the CC QM and rigid ellipse alignment data were shown by Wade et al. 15 to be in excellent agreement with each other. However, the fact that the calculated alignment was found to be larger in magnitude than the experimental data were taken to imply that more work was needed to improve the repulsive part of the NO(X)-Ar PES. 15 Experimental studies by Meyer 22 have shown that the collision induced alignment in NO(X) + He and Ne collisions conforms well to the kinematic apse model.
The aim of the present paper is to report a comparative investigation into the origin of the rotational alignment effects in the rotationally inelastic collisions of NO(X) and Ar. We consider the alignment effects in the | = , j , e/f collisions of electronically and vibrationally ground state NO. The effect of the DCSs on the averaged alignment properties was also examined. Classical homonuclear and heteronuclear hard shell Monte Carlo, QCT, and CC QM calculations were employed. The paper is organized as follows. In Sec. II, the theoretical methods used to obtain differential cross sections and polarization information on the collision system are described. In Sec. III, the results are presented and discussed, and the main findings of the paper are summarized in Sec. IV.
In the accompanying paper, 24 the conclusions of the present theoretical study will be confirmed through experimental measurement of the collision-induced angular momentum alignment at the fully quantum state resolved level.
II. THEORY AND METHODS

A. Polarization dependent differential cross sections and polarization parameters
The principal frame used throughout this paper is the scattering frame, in which the z axis lies parallel to the initial relative velocity of the collision partners, k. The final relative velocity of the colliding partners after the collision, k , is taken to lie in the x > 0 half of the xz-plane, while the y axis is chosen to have a right handed frame of reference. The scattering angle, θ , is defined as the angle between k and k .
The classical probability of a particle being scattered into a solid angle θ with its angular momentum pointing towards (θ j , φ j ) is denoted P (cos θ, cos θ j , φ j ). This probability can be expressed in terms of a series expansion in complex conjugates of the modified spherical harmonics, C * kq (θ j , φ j ),
where the expansion coefficients (2π /σ )dσ kq /dω are the normalized polarization dependent differential cross sections (PDDCSs). 25, 26 These expansion coefficients characterize the spatial polarization of the angular momentum of the scattered particles as a function of the scattering angle. The k = 0, q = 0 normalized PDDCS quantifies the angular distribution of k about k, and is proportional to the differential cross section, i.e., dσ 00 /dω = dσ/dω.
The polarization parameters, a
q , are defined according to the equation
They quantify the total multipolar contribution of rank k and component q to the distribution function integrated over all scattering angles. It is possible to introduce a conditional probability distribution of j being polarized with angles (θ j , φ j ) at a given scattering angle, θ ,
Here, the expansion coefficients, ρ
q (θ ), are referred to as the renormalized PDDCSs, 3, 25 defined by the term in brackets in the first of the above equations.
Quantum mechanically, the renormalized PDDCSs appear as the expansion coefficients of the scattering density matrix. The scattering angle resolved density matrix of the final state is given by the equation
where j 1 m 1 , j 2 m 2 |j 3 m 3 is a Clebsch-Gordan coefficient. 27 The diagonal elements of the density matrix, j m |ρ(cos θ )|j m , represent the population in the different magnetic quantum levels, while the off-diagonal elements reveal information about the coherences existing between different eigenstates, which are essential for the azimuthal polarization of j . In general, the PDDCSs and polarization parameters are complex. However, it is possible to introduce real quantities as a linear combination of the complex moments. 
Real PDDCSs and real renormalized PDDCSs are defined in an analogous way.
B. Quantum mechanical close-coupled calculations
Full non-adiabatic close-coupled calculations were carried out using the HIBRIDON [29] [30] [31] program suite on the V sum and V diff CCSD(T) PESs of Alexander. 8 The PESs were obtained for a fixed equilibrium bond length of the NO(X) molecule, and so the scattering calculations do not take into account the vibrational degree of freedom of the NO(X) molecule. The collision energy used in most of the QM calculations was E coll = 66 meV = 532 cm −1 , which is close to that used in several crossed molecular beam experiments. 11, 12, 15, 32, 33 For comparison, calculations were also performed at 15 meV and 30 meV. Rotational states up to j = 20.5, and both -doublet levels ( = +1, = −1) and spin-orbit manifolds ( = 1/2, = 3/2) were included in the open-shell scattering wave function. The maximum total angular momentum was set to J = 160.5 in order to achieve convergence. This corresponds to a classical impact parameter b = 6.8 Å.
The DCSs and PDDCSs were obtained from the S-matrix after transformation of the S-matrix from the orbital angular momentum to the helicity representation. The representation transformation used the standard formula, 34 and the calculation of vector properties was performed as described in Refs. 25 and 35. To compare with closed shell quasi-classical and hard shell calculations, the DCSs and PDDCSs were averaged over the initial and summed over the final -doublet levels.
C. Quasi-classical trajectory calculations
The details of the quasi-classical trajectory calculations employed in this work are given in Refs. 10 and 36 and only those aspects that are specific to this work are described here. The trajectory calculations employed the same V sum PES as used in the QM scattering calculations. 8 As with the QM calculations, this PES was obtained at fixed NO(X) equilibrium bond length (r e ) and hence during integration of the equations of motion the value of r was kept fixed at r e by using the method of Lagrangian multipliers. 10, 37 The square of the classical angular momentum was equated to j (j + 1)¯2, and the values of j were then rounded to the nearest integer. The maximum value of the impact parameter was determined as 6.3 Å, beyond which no trajectories exist leading to final states of j ≥ 0.5.
As in the QM calculations, for the majority of the results presented the collision energy was set to 66 meV, with the NO(X) molecule initially in its lowest rotational state, (j = 0). For comparison, as with the QM calculations, further calculations were also performed at 15 meV and 30 meV. Once the scattering angle was determined for each trajectory, the DCSs were calculated using a Legendre moment expansion, and the PDDCSs were obtained by spherical harmonic expansion. A batch of 3.6 × 10 6 trajectories was processed to gain scattering and polarization information.
D. Hard shell Monte Carlo calculations
The interaction potential between NO(X) and Ar is mainly repulsive; the attractive forces are not expected to play a dominant role at the collision energy of 66 meV. Thus, it might be thought reasonable to model the collisions with a hard shell interaction potential, corresponding to a purely repulsive PES (i.e., to a potential which is zero outside a given contour and infinite inside).
The method of Beck and Ross 38 was adopted. 39 Two sets of calculations were performed in which the hard shell potential was adapted to model a homonuclear and a heteronuclear NO(X) molecule. In the homonuclear case, the ground state of the NO(X) molecule was represented by an ellipsoid of D ∞h symmetry. The major and minor semi-axes of the ellipsoid were obtained from Alexander's CCSD(T) V sum PES, setting all odd terms in the expansion of the potential equal to zero. The contour of the resultant potential energy surface was taken at a collision energy of 66 meV. The major and minor semi-axes of the ellipsoid were found to be 3.46 Å and 2.95 Å, respectively. The point of contact, at which the rigid sphere hits the ellipse, and the surface normal were determined analytically. 38, 39 A total of 1.0 × 10 7 inelastic trajectories were analyzed.
In order to obtain differential cross sections and polarization information in the case in which NO(X) was treated as a hard shell heteronuclear molecule, the method described above was slightly modified. The NO(X) molecule was treated as a surface of revolution of C ∞v symmetry. The two-dimensional contour was obtained by determining the set of points that corresponds to the contour curve on the V sum potential at 66 meV. This set of points was then fit to an expansion in Legendre polynomials. A one-dimensional simplex algorithm 40 was employed to determine the point of contact, and the surface normal was calculated numerically. A batch of 7 × 10 6 inelastic trajectories was processed in order to obtain differential cross sections and PDDCSs.
III. RESULTS AND DISCUSSION
A. Differential cross sections
Comparison of homonuclear and heteronuclear hard shell DCSs
Differential cross sections from the homonuclear (HOHS) and heteronuclear (HEHS) hard shell classical Monte Carlo calculations are compared in Fig. 1 for a range of different final rotational states. In the homonuclear case, the differential cross sections are all single peaked in the forward or sideways scattering region. The maximum in the angular distribution is followed by a fast decay of the scattering intensity towards large scattering angles. The rotational rainbow angle at which the transition becomes classically allowed is determined by the amount of linear momentum which can be transferred into the rotational degree of freedom of the diatom. 41, 42 Within the infinite order sudden approximation (IOS), 13, 43 in which the rotational level spacing is assumed to be continuous compared with the collision energy, the highest achievable rotational angular momentum excitation from j = 0 is given by
where k = p/¯is the wave vector, and A and B are the major and minor semi-axes of the molecule, respectively. The rainbow angle is determined by the ratio of the final rotational angular momentum j and j max , where
When j / j max is greater than unity a classical transition cannot take place. The calculated IOS rainbow angles are marked by the vertical red arrows with crosses in the panels of Fig. 1 . They are in good agreement with the Monte Carlo hard shell model rainbow angles. For higher j states, the difference between the corresponding rainbow angles starts to increase, since the basic assumption of the IOS theory, that of closely spaced rotational levels, does not hold for these transitions.
A physically more faithful treatment of the NO(X) molecule is to represent it as a heteronuclear egg-shaped hard shell. The N-end and the O-end of the molecule are then distinguishable, and two sets of minor and major semi-axes can be linked to the molecule. Interestingly, this results in double peaked differential cross sections, at least within this classical model, as is also shown in Fig. 1 , similar to those that were reported for the NO(X) + He collisions. 44, 45 The IOS rainbow angles are again indicated in the figure. 43 The agreement between the IOS rainbow angles and the end of the classically forbidden region from the heteronuclear Monte Carlo calculation is good until j ∼ 11. For higher j values, the agreement breaks down, for the reasons already discussed.
Comparison of QM, QCT, and heteronuclear hard shell DCS
Comparison of the QM, QCT, and HEHS DCSs provides some insight into quantum effects, and the role of attractive forces. As shown in Fig. 2 , for low j transitions the QCT DCSs are approximately one order of magnitude larger than those from the HEHS calculations, consistent with the dominant role of attractive forces for these inelastic collisions. As j increases, the magnitude of the QCT and HEHS DCSs become more similar. For high j, the HEHS DCSs are some- what larger than the QCT ones. As noted in a previous QCT study of NO(X) + Ar, 17 if a great amount of linear momentum is transferred to the rotational degrees of freedom of the molecule, so that the atom slows down, a secondary, so-called chattering, collision can occur by which the degree of rotational excitation can be reduced. 15, 17, 33 The result of this cooling is that the population of high rotational states of NO(X) after collision is reduced. Note that the HEHS model does not predict any significant chattering when the correct dimensions of the ellipsoid are employed. Figure 2 also illustrates that the classically forbidden region is reduced towards smaller scattering angles when attractive forces are included in the interaction potential, reflecting the fact that inelastic scattering can take place at higher impact parameters when attractive interactions are included.
Although the IOS approximation cannot be applied to the full potential, some multiple peak structure can still be observed in the QCT differential cross sections. Nevertheless, the clear double peaked structure seen in the HEHS calculations is almost completely washed-out when the full potential is employed in the QCT calculations. Figure 2 also shows the CC QM differential cross sections, averaged over the initial and summed over the final NO(X) -doublet levels. The QCT and averaged CC QM DCSs have been compared in detail previously in the literature, 10, 13 and thus will not be discussed here. However, it is worth emphasizing that the agreement between the averaged CC QM and QCT DCS data is reasonable, as seen from Fig. 2 .
B. The renormalized PDDCSs and rank 2 alignment parameters
The CC QM renormalized PDDCSs
The open shell DCSs and PDDCSs from the CC QM calculations are shown in Fig. 3 for a selection of spin-orbit conserving transitions. Data for the -doublet resolved transitions f → f and f → e are compared. As reported previously in the literature, the DCSs depend sensitively on whether or not the NO(X) parity is conserved on collision. [11] [12] [13] 46 The origin of this effect has been discussed in several places in the literature, 9, 13, 45 and can be considered as a parity dependent interference phenomenon.
The second rank (k = 2) renormalized PDDCSs, ρ {k} q± (θ ), represent the alignment of j in the scattering frame. For low j and small scattering angles, all three second rank CC QM PDDCSs show rapid oscillatory structure due to quantum interferences, which can be described well by a Fraunhofer diffraction model. 18 As j increases, the amplitude and extent of the oscillations are reduced, and weak parity dependent undulations in the renormalized PDDCSs can be observed in the fully -doublet resolved PDDCSs. As with the parity resolved DCSs, 11-13 the detailed structure depends on whether the NO(X) parity is conserved or not during collision. However, interestingly Fig. 3 demonstrates that the angular momentum alignment of the scattered NO(X) is relatively insensitive to the change in NO(X) parity on collision compared with the DCSs. This suggests that the rotational alignment and the DCSs are sensitive to rather different aspects of the scattering dynamics. Figure 4 presents the CC QM PDDCSs data averaged over the initial and summed over the final -doublet states for spin-orbit conserving transitions. Once averaged over parity states, the oscillations in the CC QM PDDCSs are almost completely washed out, as seen from the data shown in Fig. 4 . Note, furthermore, that the general form of thedoublet averaged alignment is very similar to the -doublet resolved data shown in Fig. 3 . In the classical high-j limit, the ρ {2} 0 (θ ) PDDCS ranges from −0.5 to +1, corresponding to j aligned perpendicular and parallel to k, respectively. When the scattering angle is 0
• or 180
• , j must be aligned perpendicular to the z axis. The reason for this is that since the initial | j | is almost zero (j = 1/2), the total angular momentum, J, is perpendicular to k, and hence also to k at 0
• and 180
• . Because is also perpendicular to k , then irrespective of its magnitude j must also be perpendicular to both k and k at these extreme scattering angles. After a sudden increase in ρ {2} 0 (θ ) as one moves away from θ = 0
• , j is generally weakly aligned parallel to k in the forward scattered region, and then ρ {2} 0 (θ ) monotonically decreases with increasing scattering angle until it reaches the lower limiting value of around −0.5 at θ = 180
• . It is a general feature that for forward scattering angles j tends to be weakly polarized along k, while for backward scattering angles it is aligned strongly perpendicularly to k. 2+ (θ ) must be zero, since the zx plane is then undefined. As the scattering angle is increased, ρ {2} 1+ (θ ) passes through a maximum positive value, indicating that the rotational angular momentum is preferentially aligned parallel to x + z axis. ρ {2} 2+ (θ ), on the other hand, is generally found to be negative for most scattering angles, consistent with j alignment preferentially along the y axis, i.e., out of the scattering plane. The fact that the CC QM renormalized PDDCSs are in such good agreement with the classical calculations suggests that, apart from the sharp diffraction structure at small scattering angles, the alignment of the NO(X) after collision is largely determined by a classical mechanism. Furthermore, the rotational alignment must be largely the result of impulsive forces, with attractive forces playing a very minor role in determining the alignment in the classical allowed scattering region. It is significant that both the -doublet resolved and averaged renormalized PDDCSs shown in Figs. 3 and 4 vary relatively little with j, in sharp contrast to the DCSs. The value taken by the renormalized PDDCSs is dictated principally by the scattering angle, and not by the specific j. We return to the origin of this behavior at the end of the paper, in Sec. III C 4. Figure 5 compares the scattering angle integrated polarization parameters, a {k} q± , obtained from the -doublet averaged CC QM calculations with those from the QCT and HEHS calculations. The general trends in the alignment parameters as a function of j are similar to those of the corresponding renormalized PDDCS as a function of the scattering angle. This arises from the fact that the DCS becomes more backward scattered as j increases, hence the more backward scattered region of the renormalized PDDCS makes a larger contribution to the final value of the alignment parameters.
Comparison of the HEHS, QCT, and QM renormalized PDDCS
Comparison of the HEHS QCT, QM rank 2 alignment parameters
The a {2} 0 parameters become more negative as j increases. For low j , the value of around +0.2 indicates parallel alignment of j with respect to the initial relative velocity vector. Note that for j = 1.5, the maximum value of the QM a parameter 47 is just under +0.45. As j increases, the a {2} 0 moment steadily decreases close to its limiting value of around −0.5, corresponding to an increasing degree of perpendicular alignment with respect to the initial relative velocity vector. Apart from some small differences, the a 1+ moment are due to the neglect of attractive and "soft repulsive" features in the potential, possibly due to the influence of chattering collisions, 17 rather than to a failure of classical mechanics.
Overall, the data presented in Fig. 5 provides support for the view that the rotational angular momentum alignment in the NO(X) + Ar system is mainly classical in origin. Furthermore, the alignment is seen to be largely imposed by impulsive forces, particularly for moderate to large changes in j.
"Hybrid" QCT-QM alignment parameters
It has been shown in Secs. III B 2 and III B 3 that the HEHS and QCT alignment parameters and renormalized PDDCSs reproduce well the -doublet averaged CC QM data. However, as shown in Fig. 6 , the -doublet resolved open shell QM alignment parameters display oscillatory behavior as a function of j, which the (closed shell) QCT and HEHS calculations are unable to recover. Note that in the case of closed-shell QM calculations, an alternation depending on the parity (even/odd j numbers) is observed.
The origin of the oscillations in the open shell data could either lie in differences in the CC QM DCSs or in the polarization behavior itself, as reflected in the renormalized PDDCSs. In order to trace back the origin of the oscillations in the a {k} q± parameters, it is helpful to introduce "hybrid" alignment parameters, defined according to the equation
where the term in square brackets is the normalized QM DCS for the j → j transition and ρ {k},QCT q± (θ ; j → j ) is the QCT renormalized PDDCS for the j → j transition. In this way, it is possible to calculate alignment parameters corresponding to a hypothetical scattering event, in which the alignment is due to classical behavior, while the DCS is shaped by quantum mechanics. In Fig. 6 , the "hybrid" QCT-QM alignment parameters are plotted along with the exact open shell QM alignment parameters. As can be seen, both the trend and the parity dependent quantum mechanical oscillations are repro- duced well by the hybrid data. This figure demonstrates that fundamentally, even at the level of -doublet state resolution, the rotational alignment of the NO(X) after collision has a classical origin. Figure 7 elucidates the origin of the agreement seen in the alignment parameters determined using the "hybrid" model and the exact CC QM calculations. In the upper panel, the renormalized PDDCSs for the open shell CC QM j = 10, f → f/e transitions and for the (closed shell) QCT j = 10 transition are compared. At low scattering angles, the renormalized CC QM PDDCS for the parity conserving transition is somewhat less positive than for the parity changing collision, but they become virtually identical in the backward scattered region. The QCT renormalized PDDCS lies between the two QM ones, and is roughly the average of the two. At large scattering angles the three renormalized PDDCSs are almost identical. Even at the level of parity resolved collisions, the quantum mechanical renormalized PDDCSs can be estimated reasonably using the quasi-classical ones without serious loss of accuracy.
In contrast, the open shell CC QM normalized DCSs are very different for the parity changing and parity conserving transitions, as shown in the middle panel of Fig. 7 (the corresponding HEHS and QCT DCSs were shown in Fig.  2 ). The parity changing normalized DCS has a broad single peak centered around 60
• , while that of the parity conserving transition comprises two peaks having maxima at 30
• and 100
• . [11] [12] [13] As noted previously, it has been suggested that this parity dependent behavior of the DCSs arises from quantum mechanical interference between alternative pathways scattered from the different ends and the flatter sides of the molecule. [11] [12] [13] The normalized PDDCS is the product of the renormalized PDDCS and the normalized DCS (i.e., the product of the data shown in the upper panel and the middle panel of Fig. 7 ). In the bottom panel of Fig. 7 the exact open shell CC QM normalized PDDCSs are shown, as obtained by multiplying the QM renormalized PDDCSs and the normalized QM DCSs, along with the "hybrid" PDDCS, i.e., the product of the QCT renormalized PDDCS and the normalized QM DCSs. As seen from Fig. 7 , the "hybrid" and CC QM PDDCSs are very similar for both the parity changing and conserving transitions. Given that the alignment parameters are simply the integral of the normalized PDDCSs over all scattering angles, the difference between the alignment parameters for different -doublet levels arises primarily from the differences between the two corresponding quantum mechanical DCSs. The rotational alignment behavior itself can be described remarkably well by classical mechanics.
C. Conservation of the projection of j on the kinematic apse
Rotation to the apse frame
It is helpful at this point to recall the definition of the kinematic apse,â, given in Eq. (3). Classically, it is well known that the component of the angular momentum along the kinematic apse is rigorously conserved for impulsive collisions, such as those involved in the classical HOHS and HEHS calculations already presented. 20 The agreement between the HEHS results and those from the CC QM and QCT calculations suggests that impulsive forces are largely responsible for the observed alignment behavior. Classically, one would therefore expect the projection of j along the kinematic apse to be conserved, as is indeed largely the case for all but the most forward scattered, low j collisions. 20 In order to test the extent to which the kinematic apse model holds true quantum mechanically, one has to rotate the scattering density matrix of Eq. (7) into a frame in which the kinematic apse is the quantization axis. For this purpose we define the apse frame, which has its z axis alongâ, and the scattering plane lying in the zx plane. In this case, the axis of quantization, i.e., the new z axis, is the kinematic apse rather than the initial relative velocity axis, k. The (complex) renormalized PDDCS can be rotated into the apse frame using the Wigner rotation matrices according to the equation
where the superscriptâ indicates that the renormalized PDDCS is given in the apse frame, and β is the angle between a andk and is a function of the scattering angle. Figure 8 compares the scattering frame PDDCSs with those in the apse frame, as obtained though application of Eq. (12) . The figure shows the renormalized CC QM PDDCS for the j = 10, f → f transition in the scattering frame and the apse frame for spin-orbit conserving and spin-orbit changing transitions. While the scattering frame ρ {2} 0 (θ ) PDDCSs vary significantly with scattering angle (left panels), the corresponding apse frame PDDCSs (right panels) are almost constant with a value close to −0.5, except for forward scattering angles. This indicates a near maximum alignment of j perpendicular to the kinematic apse. Similarly, while the scattering frame ρ {2} 1+ (θ ) and ρ {2+} 2+ (θ ) renormalized PDDCSs vary significantly with scattering angle, in the apse frame, apart from in the most forward scattered region, both parameters take near constant values of around zero.
The scattering frame alignment parameters (presented in Fig. 5 and Sec. III C 2) can be compared with the apse frame alignment parameters, as displayed in Fig. 9 . Once more, while the scattering frame alignment parameters show significant variation with j, when rotated into the apse frame , oscillate around zero in the apse frame. The apse frame QM polarization parameters suggest that, at least as far as the rank k = 2 moments are concerned, j is cylindrically distributed near perpendicularly to the kinematic apse, as is consistent with apse model discussed below. It is worth noting that the parity dependent oscillations visible in the scattering frame for all three parameters have smaller amplitudes in the apse frame, and in the case of a {2} 0 the oscillations practically disappear. This reinforces the conclusions of Sec. III B 4, that the angular momentum alignment has a common (essentially classical) dynamical origin, while the oscillatory structure in the alignment parameters reflects the quantum mechanical structure in the parity resolved DCSs.
The behavior of the spin-orbit conserving and spin-orbit changing collisions is remarkably similar (compare the upper and lower rows of Figs. 8 and 9 ). In the Hund's case (a) limit, recall that spin-orbit changing collisions take place on the V diff potential, which is considerably more attractive than V sum . 8 This is reflected in the alignment parameters in the apse frame, which tend to take the constant values seen for the spin-orbit conserving transitions only at higher j values. Nevertheless, the similarities between the alignment parameters shown in the upper and lower panels of Fig. 9 are striking, particularly once the data are transformed into the apse frame.
The effect of the collision energy on the alignment behavior
As discussed in Sec. III B, the polarization parameters, renormalized PDDCS multiplied by the normalized differential cross section. Depending on the final state and the collision energy, different DCSs and PDDCSs determine the final value of the alignment parameters. If the collision energy is comparable to the attractive well on the interaction potential, the presence of strong quantum interferences are expected to appear in the scattering dynamics. The renormalized apse frame PDDCSs obtained at a collision energy of E coll = 15 meV are compared with those obtained at E coll = 66 meV in Fig. 10, while Fig. 11 compares the apse frame alignment parameters at E coll = 15, 30, and 66 meV.
The apse frame renormalized (k = 2, q = 0) PDDCSs for j = 3, 7, and 10 are shown in the bottom row of Fig. 10 . Specifically, at low collision energy, 15 meV, the respective renormalized PDDCSs for j = 3 and 7 deviate significantly from the value of −0.5 predicted by the kinematic apse model. They also show strong scattering angle dependent oscillatory behavior, which becomes increasingly confined to the forward scattered region as the collision energy is raised. The apse frame ρ {2} 0 (θ ) moments at 66 meV show a sharp peak at small scattering angles, but drop quickly down to the lower limit with increasing scattering angle. Note that the corresponding DCSs, shown in the top row of Fig. 10 , are generally strongly forward peaked, particularly at low j, and thus this region contributes the most to the final values of the alignment parameters, which are shown in Fig. 11 . There is no well-defined trend exhibited by the a introduced below, particularly for low j transitions. As the collision energy is raised, the collisions become more impulsive, dominated by the repulsive core of the potential, and j becomes progressively more aligned perpendicular to the parameters tend to take values increasingly close to zero as the collision energy is raised.
Magnetic level populations in the apse frame resolved in scattering angle
The diagonal elements of the density matrix represent the populations in the different m j states belonging to a particular j . Given that initially NO(X) is in its rotational ground state, j = 0.5, only the m j = ±0.5 states are initially populated, regardless of the choice of quantization axis. If preferential population of m j = ±0.5 states were observed, this would therefore suggest that the projection of j along a given axis is conserved.
The upper panels of Fig. 12 show the scattering m j and apse frame mâ j populations as a function of scattering angle for the |1/2, 0.5, −1 → |1/2, 10.5, −1 transitions at a collision energy of 66 meV. The scattering frame and apse frame populations differ considerably, as seen from the top two panels of the figure. At 0
• , only the ±0.5 states are occupied in both frames, as at these scattering angles the k, k , and a axes all coincide except for a possible change of sign. The final rotational angular momentum is kinematically constrained to negative alignment with respect to k as well as to k in the limits of forward and backward scattering. As the scattering angle increases, the population shifts to low m j values in the scattering frame, and the m j = ±0.5 states become the only significantly occupied ones at scattering angles greater than 150
• . In the apse frame (top right panel), high mâ j states are only populated in the very forward scattered region (θ 15 • ), with the lowest mâ j levels tending to become populated at scattering angles θ 15
• . In the lower panels of Fig. 12 , the diagonal elements of the apse frame density matrix, i.e., the mâ j populations, are plotted as a function of scattering angle for the |1/2, 0.5, −1 → |1/2, 5.5, −1 transition at collision energies of 15 meV and 66 meV. Notice that at the lower collision energy (lower left panel), the mâ j populations are less peaked at mâ j = ±1/2.
These observations confirm that quantum mechanically the kinematic apse model largely holds true for NO(X) + Ar at collision energies of 66 meV for all but the most forward scattering angles. mâ j becomes increasingly conserved as j increases (compare the upper and lower right hand panels of Fig. 12 ). These collisions can be characterized as being impulsive since the depth of the attractive well, which is about 10 meV, is much less than the collision energy. When the collision energy is reduced to 15 meV, only a weak propensity for the mâ j conserving transitions can be observed, as shown for the j = 5.5 transition in the bottom left panel of Fig. 12 . In this case, attractive forces cannot be neglected in the interaction between NO(X) and Ar.
The above discussion ignores coherent population of different mâ j states, i.e., off-diagonal elements of the density matrix. However, the fact that the kinematic apse frame renormalized (k, q ± ) = (2,1+) and (2,2+) PDDCSs and alignment parameters shown in the right panels of Fig. 8 average to zero suggests that the k = 2 off-diagonal elements of the apse-frame density matrix do not contribute significantly to the scattering dynamics.
The kinematic apse model
In the kinematic AM, we assume that the projection of j onto the kinematic apse is conserved, and only the mâ j = ±0.5 states are populated after the collision. In addition, as explained in Ref. 19 , coherences between the mâ j = ±0.5 states do not affect polarization moments of even rank. So, for the purpose of this paper -calculation of rank 2 PDDCSs and alignment parameters -we can set all off-diagonal elements to zero, which is equivalent to imposing cylindrical symmetry on the j distribution about the kinematic apse. In this case, only the j + 0.5|ρ(θ )|j + 0.5 = j − 0.5|ρ(θ )|j − 0.5 elements of the apse frame density matrix are non-zero, and, as a consequence, the scattering frame Hertel-Stoll renormalized PDDCSs within the apse model, ρ {k}AM 0 (θ ), can be expressed as a product of Clebsch-Gordan coefficients and d k(· · · ) rotation matrix elements (see the Appendix),
, k 0|j (θ ) = 0. Clearly, the k = odd PDDCSs and polarization parameters vanish, and hence no orientation information can be gained in either the scattering frame or the apse frame when the apse model is applied.
In the case of a closed shell molecule, the apse model assumes that j is perfectly aligned perpendicular to the kinematic apse, but shows no orientation or alignment with respect to the remaining axes. In this case, only the even k, q = 0 renormalized PDDCSs and polarization parameters are non-zero in the apse frame. The renormalized PDDCSs predicted by the apse model are shown in Fig. 13 , where they are plotted in the scattering frame. Note that the effect of rotation from the apse to the scattering frame is to mix the PDDCSs of J. Chem. Phys. the same k but different q. The heteronuclear hard shell and apse model renormalized PDDCS are identical in the classically allowed region. In general, the agreement between the quantum mechanical and apse model renormalized PDDCSs is very good, although the apse model PDDCSs do not show QM oscillations in the forward scattered region, or parity dependent undulations in the side-ways or backward scattered region. The largest deviation is observed at low scattering angles, where attractive forces have the greatest influence on the collision dynamics. At higher scattering angles, the QM and apse model PDDCSs become almost identical. Interestingly, for j = 14, the deviation between the apse and full QM treatments is more pronounced than that for j = 10 and j = 3, although it should be borne in mind that the DCSs for the high j states are more confined to the backward scattered region, where the agreement is better.
Given the PDDCS data shown in Fig. 13 , it is perhaps not surprising that the CC QM and apse model alignment parameters (not shown) are also in very good agreement. In the apse frame, the apse model a {2}AM 0 parameters take their lowest possible value, close to −0.5, and the apse frame QM parameters, a {2} 0 , are close to this value for most j states, particularly in the case of spin-orbit conserving transitions, as was shown in the top panel of Fig. 9 . For low j, the apse frame QM a {2} 0 alignment parameters tend to be somewhat less negative than the AM limiting value, reflecting the fact that the interaction between the NO(X) and Ar cannot be characterized as purely impulsive for these collisions. For this reason, at low j, j is not necessarily exactly aligned perpendicular to the apse axis. However, for high j the agreement between the apse model and the QM calculations is excellent. Figure 9 also shows that for all j states the CC QM apse frame a parameters is somewhat greater than for the other parameters, comparing the observed values to the limits 47 of these parameters reveals that no significant alignment of j is present, apart from that with respect to the kinematic apse.
Finally, in Sec. III B 2 it was noted that the renormalized PDDCSs shown in Figs. 3 and 4 all showed very similar dependencies as a function of scattering angle. The reason for this is now clear. In the apse frame, the renormalized PDDCSs at 66 meV take near constant values, independent of scattering angle. The angular dependence observed in the scattering frame simply reflects the apse-to-scattering frame coordinate transformation, and specifically the angular dependence of the k = 2 reduced rotation matrix elements, d k pq (β), appearing in Eq. (13) . On the other hand, if the collision energy is not high enough to render the collision an impulsive one, the apse model provides a less reliable approximation.
IV. CONCLUSIONS
This paper represents the first part of an investigation into the polarization effects in the collisions of ground state NO(X) and argon, focussing on the origin of collisioninduced rotational alignment. The quantum mechanicaldoublet resolved renormalized PDDCSs were characterized, and show no significant differences between transitions which conserve or change the NO(X) parity. However, the corresponding (integrated) second rank alignment parameters exhibit strong parity dependent oscillations as a function of the final rotational state.
By comparing the averaged CC QM, QCT, and heteronuclear hard shell PDDCSs and alignment parameters it has been shown that the dynamics leading to the observed rotational angular momentum alignment is primarily classical in behavior. At the collision energy of 66 meV, the hard shell nature of the ground state NO(X) is mainly responsible for the rotational alignment of the NO(X) molecule. In contrast, the parity dependent oscillations of the alignment parameters as a function of the final rotational and -doublet level arises from the differences in the shape of differential cross sections. The latter in turn originate from quantum mechanical interferences, as described in previous work, [11] [12] [13] which are not manifest in the QM rotational alignment. This suggests that the rotational alignment and the DCSs are sensitive to rather different aspects of the scattering dynamics.
The applicability of the kinematic apse model was also tested quantum mechanically. It was shown to be a good assumption under the conditions of typical crossed molecular beam experiments on this system. However, the extent to which the projection of the rotational angular momentum onto the kinematic apse is conserved depends on the collision energy and on the final rotational state. It would be interesting to see how ubiquitous the impulsive alignment mechanism is in other inelastic and reactive scattering processes.
In the accompanying paper, the behavior described here theoretically is confirmed through experimental measurement of the collision induced angular momentum alignment at the fully quantum state resolved level. 24 
